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SECTION 1 
INTRODUCTION 
1.1 SUMMARY 
This is  t h e  f i n a l  r e p o r t  on NASA Contract NAS1-10682, e n t i t l e d  
"Study t o  Improve t h e  Low Frequency Noise C h a r a c t e r i s t i c s  of (Hg, 
Cd)Te Detectors." 
per iod from A p r i l  16 ,  1971 through August 31, 1973. 
Work on the  c o n t r a c t  w a s  performed during the 
The broad ob jec t ives  of t h i s  program have been t o  i d e n t i f y  the  
sources  of  l / f  no ise  i n  15-micron n-type (Hg,Cd)Te d e t e c t o r s  
opera t ing  a t  77"K, and t o  i n i t i a t e  methods f o r  reducing t h i s  
noise.  These ob jec t ives  have been achieved. 
The i n v e s t i g a t i o n s  included: eva lua t ion  of t h e  inf luence  of 
material p rope r t i e s  and de tec to r  processing techniques; determina- 
t i o n  of t h e  r e l a t i v e  importance of su r faces ,  volume reg ions ,  and 
con tac t s ;  and generat ion of t h e o r e t i c a l  models f o r  guidance of 
t h e  experimental  work. 
1.2 RESULTS AND CONCLUSIONS 
The s i g n i f i c a n t  r e s u l t s  o f  t h i s  program inc lude  t h r e e  major 
accomplishments: 
. EXPERIMENTAL TECHNIQUES 
The means were provided f o r  simple, d i r e c t ,  eva lua t ion  
o f  t h e  inf luence  of sur face  p repa ra t ion  and p rope r t i e s  
on l / f  no ise ,  by t h e  development o f  s p e c i a l  experimental  
techniques. These techniques enabled t h e  s epa ra t ion  
of  su r face  from volume and provided unique information 
on t h e  na tu re  of  l / f  no i se  mechanisms. 
. O R I G I N  OF l / f  NOISE 
It w a s  demonstrated t h a t  l / f  n o i s e  i n  (Hg,Cd)Te de- 
t e c t o r s  (and possibly i n  o the r  systems) i s  d i r e c t l y  
r e l a t e d  t o  g r  no i se ,  and t h a t  t h e  component of g r  
no i se  due t o  sur face  recombination gene ra l ly  leads  
t o  more l / f  noise.  Strong c i r c u m s t a n t i a l  evidence 
w a s  obtained t h a t  l / f  no i se  is  i n  fact  due t o  macpg- 
scopi-c f l u c t u a t i o n s  i n  cu r ren t  which are i n i t i a t e d  
by microscopic i r r e g u l a r i t i e s .  
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. REDUCTION OF l / f  NOISE 
Recommendations were developed and work was  t n i t i a t e d  
f o r  processing methods t o  reduce l / f  no i se  €n (Hg,Cd)Te 
d e t e c t o r s ,  based on the experimental  and a n a l y t i c a l  
methods developed during th i s  program. 
1.3 HISTORY 
The program e s s e n t i a l l y  developed i n t o  fou r  phases. 
phase  inc ludes  work performed from A p r i l  16,  1971 through Septem- 
be r  31, 1971. 
material parameters descr ib ing  l / f  no i se  were determined i n  terms 
of e x i s t i n g  theory and related t o  experimental  r e s u l t s ,  and 
electrical  and photoconductive eva lua t ions  were performed on a 
s p e c i a l l y  grown ingot.  This p h a s e  showed t h a t  l / f  no i se  i n  (Hg, 
Cd)Te d e t e c t o r s  behaves s i m i l a r r y  t o  t h a t  i n  o t h e r  devices ,  with 
equa l ly  l i m i t e d  agreement w i t h  experiment. 
uniform material p r o p e r t i e s  was demonstrated. 
The i n i t i a l  
During t h i s  per iod,  t h e  program w a s  i n i t i a t e d ,  
The importance of 
The second phase covers t h e  period from October 1, 1971 through 
December 31, 1971, during which t h e  con t r ac t  was extended a t  no 
c o s t ,  and e x i s t i n g  l / f  no i se  d a t a  a t  t h e  Radiation Center were 
reviewed and compared with m a t e r i a l  p rope r t i e s  i n  l i g h t  of  t h e  
r e s u l t s  from t h e  f i r s t  phase. This  review ind ica t ed  t h e  d i r ec -  
t i o n  f o r  f u r t h e r  work. 
The t h i r d  phase covers t h e  per iod from January 1, 1972 through 
May 31, 1972. 
program w a s  performed i n  l i g h t  of several r ecen t  s i g n i f i c a n t  
developments concerning l / f  no i se  which Honeywell f e l t  would 
d i r e c t l y  inf luence  t h e  remainder of t h e  program. These develop- 
ments included: 
electrical  p r o p e r t i e s  of (Hg,Cd)Te material, (b) new t h e o r e t i c a l  
advances i n  l / f  no i se ,  (c) t h e  r e s u l t s  of  recent  f i e l d  e f f e c t  
measurements repor ted  i n  t h e  l i t e r a t u r e  (mostly on s i l i c o n ) ,  
and (d) t h e  ex i s t ence  of low frequency noise  d a t a  which had 
become a v a i l a b l e  from rout ine  eva lua t ion  measurements r e c e n t l y  
introduced a t  t h e  Radiation Center. 
Phase 111, Honeywell formulated a p lan  f o r  t h e  remainder of t h e  
program, Phase I V .  
During Phase 111 a thorough re-evaluat ion of  t h e  
(a) an improved q u a n t i t a t i v e  understanding of 
On t h e  b a s i s  of work during 
Phase I V  covers t h e  period from June 1, 1972 t o  the end o f  t h e  
program. 
ognized and t h e  approach t o  a n a l y s i s  of  r e s u l t s  w a s  changed i n  
t h e  d i r e c t i o n  of  new t h e o r e t i c a l  advances, which consider  t h a t  
Limi ta t ions  of previous t h e o r i e s  of l / f  n o i s e  were rec- 
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l/f no i se  o r i g i n a t e s  i n  macroscopic c u r r e n t  f l u c t u a t i o n s .  It 
seemed clear t h a t  l / f  no ise  i s  n e i t h e r  a volume-only nor  a sur-  
face-only phenomenon, and t h a t  it must o r i g i n a t e  i n  a complex 
volume-surface i n t e r a c t i o n .  It w a s  decided e a r l y  t h a t  t h i s  
i n t e r a c t i o n  probably involves  sur face  space charge reg ions ,  5. e. , 
dep le t ion  and accumulation layers .  Subsequent experimental  and 
t h e o r e t i c a l  r e s u l t s ,  summarized below, subs t an t i a t ed  t h i s  view- 
poin t  and l ed  t o  recommendations and i n i t i a t i o n  of processing 
methods f o r  reduct ion  of l/f noise i n  de t ec to r s .  
1.4 DIRECTIONS FOR FUTURE WORK 
The r e s u l t s  of t h e  pmgram ind ica t e  two p a r a l l e l  no t  n e c e s s a r i l y  
independent , d i r e c t i o n s  f o r  inves t iga t ion .  F i r s t ,  it i s  clear 
t h a t  t h e  technique and concepts developed here are r i p e  f o r  
e x p l o i t a t i o n  t o  determine processing methods f o r  reduct ion  of  
l / f  no ise  i n  (Hg,Cd)Te photoconductive d e t e c t o r s  over t h e  f u l l  
wavelength region. 
range o f  o t h e r  materials and types  of  devices. 
t i o n s  have been ind ica ted  for more d e t a i l e d  a n a l y s i s  of mechanisims 
of l / f  n o i s e  i n  genera l ,  w i t h  t h e  hope of f i n a l l y  achieving a 
complete fundamental comprehension of  t h i s  f a s c i n a t i n g  phenomenon. 
Moreover, they  can a l s o  be appl ied  t o  a wide 
Secondly, d i r ec -  
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SECTION 3 
CLASSICAL THEORY OF l / f  NOISE 
3 .1  GENERAL PARAMETERS DESCRIBING l/f NOISE 
I n  genera l ,  f o r  any model, l / f  no i se  is  included i n  the t o t a l  
d e t e c t o r  no i se ,  vn, i n  t h e  following form: 
i 
2 2 2 
+ Vl/ f  v = v 2 + v  n j g r  
= K / f  2 v l / f  
(3.1) 
(3.2) 
where v 
(g r )  no i se ,  and t h e  l / f  n o i s e  squared, v l / f 2 ,  has  t h e  form of a 
cons tan t  times t h e  inverse  l i n e a r  power of t h e  frequency. All 
material and phys ica l  phenomena are included i n  t h e  cons tan t  K 
(except f o r  t h e  inverse  frequency dependence i t s e l f ,  of course) .  
Subsequent d i scuss ion  w i l l  neg lec t  t h e  Johnson no i se ,  which i s  
usua l ly  small f o r  p r a c t i c a l  d e t e c t o r  operat ion.  It i s  important 
t o  no te  t h a t  gene ra l ly  K varies as t h e  square o f  t h e  cu r ren t .  
A parameter which i s  more important than t h e  s t r e n g t h  o f  t h e  l / f  
n o i s e  is  the  frequency a t  which t h e  l~/f no i se  vol tage  equals  t h e  
generation-recombination p l a t eau  no i se  vol tage.  This frequency 
w i l l  be r e f e r r e d  t o  as t h e  l / f  no i se  corner  frequency and denoted 
is  t h e  Johnson no i se ,  tfgr, t h e  g e n e r a t i o n - r e c m i n a t i o n  j 
- 
~~ 
by fc* 
The corner  frequency fc  can be expressed as: 
where K i s  def ined by equat ion 3.2, and where Vgr i s  t h e  frequency- 
independent generation-recombination no i se  vol tage.  Over t h e  f r e -  
quency range f o r  which t h e  g-r no i se  i s  independent o f  frequency, 
t h e  d e t e c t i v i t y  (neglectinL Johnson no i se )  can be expressed as: 
1 1 / 2  
(3.4) 
I D* - .,I (1 + f c / f )  -1 /2  
g r  
1 . x -  V ! 
i 
There Rx is  -the r e spons iv i ty  and AD is t h e  d e t e c t o r  active area. 
! 
CLASS ! F I CAT 
._ . ..- 
ON ( i f  Ar i y i  
._.- - -- . .- 1 
experimental  determinat ion of 1 fc  can be obtained from detec-  
i v i t y  (o r  no i se )  va lues  a t  two requencies;  fR f o r  t h e  lower fre- 
uency and f h  for  t h e  h ighe r  fre L e t  a denote t h e  r a t i o  
D*(fh) v (f ) 1 
a = =u, 
D*(f 2 vn(fh) 
0 n 
L f = f ($-l)/(l ' - 0 1  /fh) 
C R 
(3.5) 
(3 .6 )  
The corner  frequency f c  i s  a very u s e f u l  parameter. Unlike t h e  
l / f  c o e f f i c i e n t  C1, it i s  d i r e c t l y  measurable. Furthermore, it 
s p e c i f i e s  d i r e c t l y  t h e  u s e f u l  range of  a de tec to r .  An e x p l i c i t  
expression f o r  fc can be der ived by using t h e  following expression 
f o r  t h e  generation-recombination no i se  vo l t age  i n  a n e a r - i n t r i n s i c  
semiconductor : 1,2 
where no i s  t h e  free e l e c t r o n  concent ra t ion ,  7 i s  t h e  photocon- 
duc t ive  response time, q i s  t h e  o p t i c a l  quantum e f f i c i e n c y ,  QB i s  
t h e  inc iden t  background photon flux, and qR and QR are analogous 
terms r e f e r r i n g  t o  la t t ice- induced  e lec t ron-hole  p a i r  generat ion.  
t r o n i h o l e  
thermally 
sources. 
d i t i o n  of  
The effect o f  d e t e c t o r  temperature and background can be exp l i -  
c i t l y  evaluated from material parameters by not ing  t h a t  q QB re- 
p resen t s  t h e  c r e a t i o n  of  e lec t ron-hole  p a i r  by t h e  s teady  state 
background photon f l u x ,  and q R  QJ r ep resen t s  t he  c r e a t i o n  o f  elec- 
p a i r s  by equi l ibr ium thermal e x i c t a t i o n .  That is ,  both 
and o p t i c a l l y  generated carriers are equiva len t  no i se  
I n  fact ,  Schlickmanl has  shown t h a t  t h e  following con- 
dynamic equi l ibr ium holds;  
The carrier concent ra t ions  are given by: 
. .  
n = n  + n b  
0 
- p  = p -J- p .-. - 
0 b 
, ...... ~ ~ "-." -......-. .... .. 
I 
(3 .9 )  j 
nb(=pb) i s  t h e  concent ra t ion  o f  excess  e lec t ron-hole  p a i r s  
ue t o  background r a d i a t i o n  above t h e  thermal  equi l ibr ium concen- 
r a t i o n s ,  no and p For n-type i n t r i n s i c  photoconductors, such 
s (Hg,Cd)Te, one f i n d s  no >> nb, then t h e  c r e a t i o n  expression,  0' 
equat ion 3 . 8 ,  becomes: 
b e n  equat ion 3.7 can be w r i t t e n :  
I 
(3 .10)  
(3 .11)  
I n  t h i s  expression,  t h e  con t r ibu t ions  of p p t i c a l l y  and thermally 
generated carriers appear d i r e c t l y  and independently i n  t h e  terms 
p~ and po. 
t h e  parameter K) f c  can be determined from 3 . 3  and 3.11. 
Thus, f o r  a given model of l / f  no i se  (which determines 
3 . 2  CLASSICAL THEORY FUNDAMENTALS 
From f a i r l y  gene ra l  no i se  theory  argument^^,^ t h e  l / f  no i se  v o l t -  
age v l / f  i n  (Hg,Cd)Te d e t e c t o r s  can be w r i t t e n  as: 
2 - -  E2 P f  
Vl/ f  - d w  f (3 .12)  
where A, w and d are t h e  length ,  width,  and th ickness  of t h e  de- 
t e c t o r ,  E i s  t h e  dc b i a s  e lectr ic  f i e l d ,  & i s  t h e  n o i s e  bandwidth, 
f i s  t h e  frequency, and C1 i s  a c o e f f i c i e n t  which g ives  t h e  s t r eng th  
of t h e  l / f  noise.  
d e t e c t o r  d imens ions  . I n  p a r t i c u l a r ,  C1 should be independent of t h e  
It i s  important t o  no te  t h a t  t h e  d e r i v a t i o n  of  equat ion  3.12 and 
s i m i l a r  equat ions i s  based on what we cal l  "classical theory" 
assumptions, which unde r l i e  t h e  ma jo r i ty  of nai se t h e o r y 5 ~ 6 .  
S p e c i f i c a l l y ,  it i s  assumed t h a t  t h e  no i se  i n  ques t ion  o r i g i n a t e s  
from microscopic l o c a l i z e d  no i se  genera tors  d i s t r i b u t e d  a t  appro- 
priate reg ions  f a r  each model. Thus, a l l  dimensional r e l a t i o n s  
depend on t h i s  assumption. It i s  i n t e r e s t i n g  t h a t  very l i t t l e ,  
if any, experimental.verification has  been r epor t ed  of  t h e  pre- 
q i c t e d  dimensional behavior f o r  l / f  no i se ,  whereas thorough sub- 
S t a n t i a t i o n  has  been obtained f o r  o t h e r  sources ,  such as Johnson 
and g-r noise.-- _ I  
I- . -- 
- 
~ -. 
- .  I . . . . . . .  .L . . . . . . . . . . .  ,. _. .l^  ~ _. .... .... - .. 
I 
n t h i s  "classical" approach, f c  can be determined by combining f quat ions  3.3, 3.7 and 3.12 t o  g ive  t h e  following expression f o r  
$he corner  frequency f,: 
! C1 no2 d 
- (3.13) 
1 
fc - 2 
4 7 (Q QB + q k  QI) 1 
This equat ion i l l u s t r a t e s ,  for example, t h a t  fc  depends on t h e  
detector th ickness  but  no t  on t h e  active area dimensions. It also 
shows t h e  s t rong  dependence of t h e  corner  frequency on carrier 
concent ra t ion  and on response time. 
The corner  frequency can be expressed as w e l l  i n  terms of pB and 
po by using equat ions 3.11 and 3.13. 
n 
(3.14) 
When t h e  d e t e c t o r  temperature i s  s u f f i c i e n t l y  low t h a t  thermally 
generated carriers become n e g l i g i b l e  compared t o  p p t i c a l l y  gen- 
e r a t e d  carriers, then q k  QR << q QB, po << PB, and t h e  d e t e c t o r  
becomes background l imi t ed  ("BLIP"). The proper expression f o r  
by p lac ing  equat ion 3.7 i n t o  equat ion 3.3 o r  by not ing  t h a t  pB 
i s  qr Q/d i n  equat ion 3.14: 
i s  then obtained by s e t t i n g  q Q  QQ = 0. Then fc  i s  found e i t h e r  Vgr 
C n 2 d  
2 
BLIP - 1 0  - 
C 
4 7  T Q B  
(3.15) 
On t h e  o t h e r  hand, when e l eva ted  d e t e c t o r  temperature raises po 
above pB, then one should use equat ion 3.13 and 3.14 with pB set 
= 0, and fc becomes 
3 
L 
+ no 
C 4 7 Po 
~ f =  (3.16) 
The 1 1  + 1 1  s u p e r s c r i p t  i s  used i n  analogy with similar terminoloFy 
for D*, which-is  o f t e n  deaignated-;as w, when v 
by thermal generat ion.  
p i  -being determined from semicond3ctor equi l ibr ium condi t ions ,  d m  
i s  determtned 
Thus D* i s  determined QFom 3.4 and 3'  11 
and 3.12 with pa = 0, and chn;be- f _ o  r d from 3.4 and .3*.14, with. 
.- 1 . .  - . - 
I 
~ I . - _I- .. ...- _" I ._. . I. -. 
e effect  o f  d e t e c t o r  temperature i s  shown i n  Figure 3.1, which 
r e s e n t s  t h e  r e s u l t  o f  c a l c u l a t i o n s  of D+x and D* f o r  (Hg,Cd)Te, 
s i n g  experimental  time cons tan t s  as a func t ion  o f  d e t e c t o r  temp- 
r a t u r e s  f o r  a c tuo f f  wavelength Qf 13 microns. 
emains independent of temperaturk u n t i l  t he  d e t e c t o r  temperature 
Increases above t h e  D* - D+ crosWver;  
ends on background as shown. 
Note t h a t  D* 
Then, d e t e c t i v i t y  decreases  
qlong the  D+ curve as temperature rises f u r t h e r .  The e f f e c t  de- 
s ince  it has  been ca l cu la t ed  by assuming r a d i a t i v e  lifetime. 
D'rad r ep resen t s  t h e  b e s t  poss ib l e  
/ 
, 
Equations 3.15 and 3.16 pmvide expressions t o  be used f o r  specific 
models based on t h e  classical theory. 
ness  and h i s t o r i c a l  expos i t ion ,  two such models are discussed 
below: 
For purposes o f  complete- 
1 
3 .3  MCWHORTER' S SURFACE MODEL 
NcWhorter developed a model f o r  l / f  no i se  :in semiconductors based 
dn t h e  existence o f  su r face  t raps .  F luc tua t ions  i n  t h e  capture  
dnd release of bulk e l e c t r o n s  a t  these  su r face  traps produce f luc-  
t u a t i o n s  i n  t h e  bulk e l e c t r o n  concent ra t ion  and consequently i n  
t h e  conduct ivi ty .  
The c h a r a c t e r i s t i c  l / f  frequency dependence of  t h e  no i se  power 
due t o  these  f l u c t u a t i o n s  is  t h e  r e s u l t  of assuming t h a t  e l e c t r o n  
Eunneling is  t h e  mechanism by which bulk e l e c t r o n s  are r e l eased  
from t h e  su r face  t r aps .  
some f i n i t e  th ickness  and t h e  t r a p s  are assumed t o  be uniformly 
d i s t r i b u t e d  over  t h i s  thickness.  The tunnel ing p r o b a b i l i t y  de= 
pends exponent ia l ly  on t h e  d i s t a n c e  over which tunnel ing must 
occur. Consequently, a d i s t r i b u t i o n  of l i f e t i m e s  is  obtained which 
l eads  t o  t h e  characteristic l / f  frequency dependence f o r  t h e  no ise  
power. 
More q u a n t i t a t i v e l y ,  t h i s  model p r e d i c t s  t ' h e  following expression6 
f o r  t h e  l / f  no i se  vol tage :  
1 
1 
The su r face  l a y e r  i s  assumed t o  have 
9/f 
h e r e  : 
NT = 
a =  
1 I "  
(3.17) 
concent ra t ion  of t r a p s  i n  t h e  su r face  layer .  
characteristic tunnel ing constant .  " .-_ 
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sample length ( i n t e r e l e c t r o d e  spacing).  
sample width. 
sample thickness .  
de e lectr ic  f i e l d .  
bulk e l e c t r o n  concent ra t ion  
n o i s e  bandwidth. 
measurement frequency. 
This equat ion can be compared with t h e  d e f i n i t i o n  of t h e  l / f  no i se  
c o e f f i c i e n t  C1 and t h e  following expression can be obtained. 
- NT 1 
2 3  
0 
4 n  c1 - 
(3.18) 
Here t h e  c o e f f i c i e n t  C 1  i s  e x p l i c i t l y  expressed as a func t ion  o f  
var ious  material parameters. In  p a r t i c u l a r ,  C 1  he re  depends in-  
v e r s e l y  on t h e  sample thickness  d. This i s  due t o  t h e  su r face  
n a t u r e  of McWhorter's model. For a bulk l / f  no i se  mechanism C1 
would be independent of sample dimensions. 
Previous work4s7 s owed t h a t  C1. i n  n-type (Hg,Cd)Te i s  approximately 
propor t iona l  t o  p5 7 2, where p is t h e  sample r e s i s t i v i t y ;  i .e.,  
(3.19) 
where e i s  t h e  e l e c t r o n  charge and ~1 is  t h e  e l e c t r o n  mobil i ty .  
This empir ica l  dependence on carrier concent ra t ion  is  c l o s e  t o  
t h a t  p red ic ted  by equat ion 3.18. 
mind t h a t  t he  e l e c t r o n  mob i l i t y  p may i t se l f  depend on e l e c t r o n  
concentrat ion.  
However, i t  must be kept i n  
3.4 HOOGE'S BULK MODEL FOR l / f  NOISE 
Based on l/f no i se  d a t a  f o r  a v a r i e t y  of  semiconductors, Hooge 
has  r e c e n t l y  proposed t h a t  l / f  no i se  i s  a bulk phenomenon. H e  
a r r i v e d  a t  t h e  following empir ica l  expression f o r  t h e  mean square 
l / f  no i se  vol tage :  
2 = c v  2 &  (3.20) 
- .  
I 
I.. .. - 1 
I 
I 
where V i s  t h e  dc b i a s  vo l t age  and C i s  an empirical c o e f f i c i e n t  
given by: 
1 -3 
1 I C = 2 x 10 /Ntot (3.21) 
= (no w d)  i s  t h e  t o t a l  number of carriers i n  the  
A comparison of equation? 3.12 and 3.13 with t h e  d e f i n i -  
ion of C1 gives  t h e  following r e b u l t s :  
2 - I 
n 
0 
c1 - (3.22) 
This r e s u l t  f o r  C 1  has  a d i f f e r e n t  dependence on carrier concen- 
t r a t i o n  than t h e  empirical  r e l a t i o n  f o r  (Hg, Cd)Te i n  equat ion 
3.18. However, t h e  mob i l i t y  a l s o  appears  i n  equat ion 3.18 and 
don t r ibu te s  an a d d i t  ional  dependence on carrier concentrat ion.  
i 
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SECTION 4 
EARLY EXPERIMENT4L CORRELATIONS 
Earlier s t u d i e s  4?7 of  l / f  no i se  I n  (Hg,Cd)Te d e t e c t o r s  a t  t h e  
qad ia t ion  Center showed t h a t  t h e  
approximately as t h e  d e t e c t o r  res t s t i v i t y  t o  t h e  5 /2  power f o r  
$esist ivit ies below about 0.5 ohm-cm. 
4here was apparent ly  no c o r r e l a t i b n  of Cl wi th  r e s i s t i v i t y .  
behavior i s  shown i n  Figures  4 an 41 of Reference 4. 
/f  no i se  c o e f f i c f e n t  C 1  varied 
For h ighe r  resist ivit ies 
This  
P 
Orig ina l ly  i t  w a s  assumed that a l i  these  d a t a  were for  d e t e c t o r s  
f a b r i c a t e d  from n-type material. 
n-type material and l ightly-doped p-type material with a su r face  
invers ion  l a y e r  were es tab l i shed9,  however, it was  r e a l i z e d  t h a t  
t h e  d a t a  po in t s  f o r  res is t ivi t ies  below about 0.5 ohm-cm 
probably corresponded t o  n-type samples while  those f o r  h igher  
res is t ivi t ies  corresponded t o  l ightly-doped p-type samples. 
t h i s  b a s i s  t h e  c o r r e l a t i o n  of  C 1  with r e s i s t i v i t y  was v a l i d  only 
f o r  n-type material. 
After t h e  d i f f e r e n c e s  between 
On 
I n  t h e  earlier s t ages  of  t h i s  program (Phase I--See In t roduct ion)  
i t  w a s  attempted t o  determine which of t h e  above two models w a s  
i n  b e t t e r  agreement with t h e  experimental  c o r r e l a t i o n  of C 1  with 
resist ivit ies i n  n-type (Hg,Cd)Te. l b b i l i t y  dependences w e r e  
determined from t h e  work of  ScottlO. 
son are presented i n  Figure 4.1, which shows t h e  d a t a  p l o t t e d  i n  
t h e  form of t h e  square r o o t  of  C 1  versus  e l e c t r o n  ccncent ra t ion  
no. A l l  of t h e  a v a i l a b l e  d a t a  p o i n t s  are shown, including those 
f o r  samples known t o  be l ightly-doped p-type. The d a t a  p o i n t s  f o r  
samples known t o  be n-type occur f o r  carrier concent ra t ions  above 
about 5 x 1014 cmm3 and show t h a t  C 1  decreases  with increas ing  
carrier concentrat ion.  The dashed l i n e  i n  Figure 4 , l  i s  a p l o t  
o f  equat ion 3.22. Since t h e r e  are no a d j u s t a b l e  parameters i n  
t h i s  expression,  t h e  o rde r  of  magnitude agreement i s  s u r p r i s i n g l y  
good, However, t h e  d a t a  f a l l  o f f  more r a p i d l y  with increas ing  
carrier concent ra t ion  than predic ted  by equat ion 3.22. 
The r e s u l t s  o f  t h i s  compari- 
4 b e t t e r  agreement f o r  t h e  dependence on carrier concent ra t ion  
i? obtained with t h e  s o l i d  l i n e ,  which r ep resen t s  t he  noo2 depen- 
dence of  C 1  i n  McWhorter's sur facd  model. Both t h e  parameter9 NT 
and Q! appearing i n  equat ion 3.18 are unknown, and furthermore 
d a t a  are -€or var ious  thicknesses .  Consequently, q u a n t i t a t i v e  i 
a ' reement  with t h i s  model i s  n o t  poss ib le .  However, on t h e  bbs i s  1 
oE + t h e  dependence on carrier conedntratien,~-. t-hi-s .mode%- appear!- t o  -11 
be c lose r .  . _  
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These r e s u l t s  lead t o  the  concluskon t h a t  l / f  no ise  i n  (Hg,Cd)Te 
d e t e c t o r s  i s  by and l a r g e  t y p i c a l  of much of t h e  r e s u l t s  reported 
i n  t h e  l i t e r a t u r e  f o r  many types f devices:  Considerable var ia -  
b i l i t y  of t h e  magnitude of C1 is 
on carrier concentrat ion.  For de 1 ices of  any complexity, no d e f i n i t e  
c o r r e l a t i o n  with theory has  been ound, e i ther  f o r  s p e c i f i c  magni- 
ound,with a decreasing dependence 
tude,  o r  f o r  dimensional dependen E es. Hence, new approaches were 
c a l l e d  for .  I 
I 
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NEW APPROPCHES 
I 
$ 9  j 
It i s  important t o  recognize t h a t  before  beginning t h e  progr  
optimism e x i s t e d  f o r  eventua l  success  i n  reduct ion  of l/f no i se ,  1 
since specific (Hg,Cd)Te d e t e c t o r s  with low l / f  no i se  had be+ I 1 
fabr ica ted .  For example, Figure 5.1 shows t h e  _._ no i se  s e c t r a ' f o r  1 
d e t e c t o r  10168161C7, which had a value of  C1 L 5 x 10 -31 cm3,1 one i 
of t h e  lowest t o  date.  
350 Hz. S I 
Note t h a t '  fc  f o r  t h i s  device  was  about 
The r e s u l t s  of t h e  earlier work i n  t h e  program, and r ecen t  t y o r e  
ical  developments i nd ica t ed  d i r e c t i o n s  f o r  fundamental new approa 
(these were determined during Pha es I1 and 11--See Introducqion) 
I 
S p e c i f i c a l l y ,  conclusions w e r e :  B 
1. Studies  o f  l / f  no i se  i n  (Hg,Cd)Te should be confined 
exc lus ive ly  t o  n-type material. It i s  only  n-type 1 
(Hg,Cd)Te f o r  which t h e  electrical and photoconductive 
p r o p e r t i e s  are s u f f i c i e n t l y  w e l l  understood t o  enab l  
a q u a n t i t a t i v e  comparison o f  d e t e c t o r  performance 
material p rope r t i e s .  I 
2. F i e ld  Effect measurementsx1 on s i l i c o n  had shown a I 
d i r e c t  c o r r e l a t i o n  between su r face  p r o p e r t i e s  and 
l / f  noise.  Whether o r  n o t  one accepts  t h e  oxide 
exp la in  t h e i r  r e s u l t s ,  it i s  clear t h a t  t h e  s i g n i -  
f i cance  of t h e  su r face  has  been demonstrated i n  general .  
3. The ex i s t ence  o f  ex tens ive  a v a i l a b l e  d a t a  suggested 
i 1 
i 
tunnel ing mechanism proposed by Fu and S a h l l  t o  I 
1 I 
I 
I 
t h e  p o s s i b i l i t y  f o r  product ive ana lys i s .  f 
In  r ecen t  months HRC had i n s t i t u t e d  procedures for I 
r o u t i n e l y  obta in ing  no i se  s p e c t r a  from a wide v a r i e t y  
s tanding  and r o u t i n e  material growth and b e t t e r  meth d s  
developed. This new da ta ' p rov ided  an abundance of use- 
f u l  information f o r  r e l a t i n g  l / f  no i se  t o  b a s i c  materfial 1 
of  completed de tec to r s .  I n  a d d i t i o n ,  improved under4 I 
I 
f o r  more r e l e v a n t  H a 1 1  anp r e s i s t i v i t y  d a t a  had been 9 
and processing parameters,  s i n c e  a f u l l  complement o l 
t h e  p e r t i n e n t  
ized  material. Parameters, such as 
dependence, ambient and thermal 
ing v a r i a b l e s  could be 
I 
. 
, , ... 
(If 
1' 
- ---- ---. I ".__ - .-- .--. 
Therefore,  a survey and a n a l y s i s  of t h i s  information 
I: 
I was i n i t i a t e d  a t  t h e  begianning of Phase IV: 
4. N e w  t h e o r e t i c a l  approachejs were under cons idera t ion .  I a 
S. Teitler and M;F.M. O ~ W r n e ~ * ? ~ ~  had developed somd 
f a i r l y  s o p h i s t i c a t e d  arguknents which p o i n t  ou t  t h e  
un ive r sa l  n a t u r e  of l / f  mise i n  cur ren t -car ry ing  1 conductors. 
about t h e  o r i g i n  of l / f  no ise ,  e s p e c i a l l y  concerning 1 
the occurrence of t h i s  noise  in a w i d e  variety of con- 
ducqors and t h e  many mechanisms which have been p ro - :  
posed t o  account f o r  t h e  phenomenon. 
These arguments d i s p d  much of  t h e  mystery 
The e s s e n t i a l  r e s u l t s  of these t h e o r e t i c a l  arguments '12,13 
i s  t h a t  l / f  no i se  r e s u l t s  fasm d i s s i p a t i o n  of energy, 
introduced i n t o  t h e  conductor a t  zero  frequency by t h e  
dc c u r r e n t ,  by means of a non l inea r  process. The non- 
l i n e a r  process  couples t h e  energy d i s s i p a t i o n  t o  higher  
f requencies ,  and t h e  f l u c t u a t i o n s  a s soc ia t ed  with t h e  
non-dc energy d i s s i p a t i o n  l ead  t o  a l / f  no i se  spectrum. 
A non l inea r  process  i n  t h i s  contex t  i s  one which i n - ,  
troduces nonl inear  terms i n t o  t h e  dynamical equat ion 
f o r  c u r r e n t  flow o r  particle ve loc i ty .  Such terms can 
from nonparabol ic i ty  i n  t h e  energy band. 
Handell4 has  shown t h a t  t h e  magnetic f i e l d  term i n  tt-ie 
Lorentz fo rce  expression can lead  t o  n o n l i n e a r i t i e s  of 
t h e  type requi red  t o  produce l / f  noise .  
arise from a nonl inear  s c a t t e r i n g  process o r  poss ib ly  I 
I n  fact ,  
The p i c t u r e  t o  emerge, then, i s  t h a t  the  l / f  no i se  
observed i n  a given conductor can be due to any one af 
a v a r i e t y  of  poss ib l e  mechanisms which l ead  t o  non- 
l i n e a r  energy d i s s i p a t i o n .  
mechanisms w i l l  be dominaat over t h e  o thers .  
dominant mechanism i s  connected w i t h  t h e  na tu re  of  tQe 
su r face ,  t h e  con tac t s  o r  t h e  bulk impuri ty  conten t ,  ' 
then s u i t a b l e  experiments could be performed t o  de- 
monstrate t h i s  connection and poss ib ly  t o  e l imina te  l 
t h e  l / f  no i se  due t o  t h i s  mechanism. 
Probably one of these  
If t h e  
I 
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5. Suggested Direc t ions  i 
I n  view of t h e  above congidera t ions ,  i t  w a s  decided t o  I 
effects. Therefore,  a t t e h t i o n  w a s  t o  be concentrated I 
charge layers .  I I 
develop procedures with t h e  po in t  of view t h a t  t h e  
uniformity and l i n e a r i t y  of c u r r e n t  f low should be 
increased;  w i t h  s t rong  emphasis on su r face - re l a t ed  
on c o n t r o l  of dep le t ion  apd inve r s ion  su r face  space 
I 
I 
I 
1 
I 
I . _. 1 I .. 
. . . . . . . . . . .  ............. ...... -..-,...", 
I 
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A s i g n i f i c a n t  new observat ion w a s  made concerning l / f  no i se  i n  
(Hg,Cd)Te de tec tors .  It enabled t h e  determinat ion of a u s e f u l  
phenomenological expression f o r  l / f  noise.  
approaches t o  reduct ion  of l/f no i se  were suggested. 
Radica l ly  d i f f e r e n t  
The discovery w a s  a r r i v e d  a t  as t h e  r e s u l t  o f  t h e  planned survey 
and a n a l y s i s  of  r e c e n t l y  a v a i l a b l e  data from a l a r g e  number of 
(Hg,Cd)Te de tec to r s .  S p e c i f i c a l l y ,  w i th in  r e c e n t  years  t h e  pro- 
duc t  l i n e  department h a s  been r o u t i n e l y  measuring frequency re- 
sponse of  t h e  n o i s e  vo l t age  o f  many de tec to r s .  cons idera t ion  o f  
t h i s  and o t h e r  d a t a  l e d  t o  t h e  remarkable and unexpected con- 
c lus ion  t h a t ,  i n  (Hg,Cd)Te d e t e c t o r s ,  t h e  l/f no i se  vol tage  
( v l / f )  i s  p ropor t iona l  t o  t h e  generat ion-re  wmbination vol tage  
(Vg-r). I n  t h e  i n i t i a l  a p p l i c a t i o n ,  it w a s  found t h a t  vn ( t h e  
t o t a l  d e t e c t o r  no i se  - neg lec t ing  Johnson n o i s e )  is  c l o s e l y  ap- 
proximated by t h e  empi r i ca l  expression: - r; - 
(6 -1) v 2 = v  ' + K v  1 g-r  2 p ( l / f )  
n g-r 
K 1  i s  a cons tan t ,  which can be  d i r e c t l y  r e l a t e d  t o  t h e  usua l  l / f  
c o e f f i c i e n t ,  C1; and t h e  empirical constant  p > 1. Best i n i t i a l  
experimental  agreement has  been found f o r  a value of  p 
Thus, t h e  l / f  no i se  a lone  i s  given by 
1.5. 
It i s  t o  be noted t h a t  t h i s  e m p i r i c a l  r e l a t i o n  holds  whatever t h e  
source of  Vg-r (probably i t  i s  only t h e  recombination no i se  which 
determines t h e  e f f e c t ) .  I n  t h i s  viewpoint, l / f  no ise  i s  "current  
noise" simply because v varies with t h e  cu r ren t .  A l s o ,  l / f  
V g - r  behaves i n  t h i s  manner. 
d i r e c t l y  from equating v ~ - ~  with v l / f  from Equation 6 . 2 :  
no i se  decreases  inve r se  s" y with sample r e s i s t a n c e  s imply  because 
The corner  frequency, f c ,  follows 
2(P-1) K v 
1 g-r  f = K v  C 1 g-r  
Equations 6 . 1  t o  6 . 3  s t a t e  t h a t  l / f  no i se  increases  r ap id ly  with 
g - r  no ise .  Therefore,  everything else being equal ,  i n  order  t o  
reduce l/f n o i s e ,  material with low g-r no ise  ~ should be selected. - 
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This  i s  exactly oppos i te  t o  previous c r i te r ia ,  when i t  was bel ieved 
t h a t  v l / f  was independent o f  Vg-r and the re fo re  an inc rease  i n  Vg-r 
would cover up t h e  l / f  noise .  
theory,  Vn i s  given by 
That i s ,  according t o  previous 
2 2 2 
+ ?/f v = v  n g-= 
Here v l / f  i s  r e l a t e d  t o  V g - r  only i n d i r e c t l y  v i a  t h e  sample c u r r e n t ,  
I ( i . e .  v ~ - ~  a I and v l / f  a I, also) .  
In terms of detector and material parameters, the effects on l/f 
n o i s e  can b e  determined from t h e  well-known expression f o r  t h e  
generation-recombination vol tage ,  equat ion 3 . 7 :  
(3.7) 
where E i s  t h e  dc b i a s  f i e l d ,  n, i s  t h e  f ree  e l e c t r o n  concentra- 
t i o n ,  T i s  t h e  photoconductive response t i m e ,  r) i s  t h e  o p t i c a l  
quantum e f f i c i e n c y ,  QB i s  t h e  inc iden t  background photon f l u x ,  and 
7 7 ~  and Q j  are analagous t e r m s  r e f e r r i n g  t o  l a t t i ce - induced  elec- 
t ron-hole  p a i r  generat ion.  From t h i s  viewpoint, consider ing Equa- 
t i o n  6.3,  t h e  following c r i t e r i a  f o r  t h e  reduct ion  o f  t h e  effects 
o f  l/f no i se  can be es tab l i shed:  
1. U s e  lowest f e a s i b l e  b i a s  cu r ren t .  
2 .  
3 .  Reduce d e t e c t o r  background as fa r  a s  poss ib le .  
4 .  
5 .  
Keep d e t e c t o r  temperature below thermal generat ion 
range. 
Choose semiconductor material with l a r g e  donor con- 
c e n t r a t i o n .  
Develop improved processing methods ( t o  reduce K1). 
An example o f  t h e  app l i ca t ion  of  Equation 6 . 1  t o  experimental da t a  
i s  shown i n  F igure  6.1. ( I n  fac t ,  i t  was observat ion of  such da ta  
t h a t  l e d  t o  t h e  
f i g u r e  r ep resen t  d e t e c t o r  n o i s e  vol tage,  Vn, ca l cu la t ed  from Equa- 
t i o n  6 .2  with p = 1.5: 
recogni t ion  o f  t h e  e f f e c t . )  The curves i n  the  
= v (1 + K v /f)1’2 (6.5) v* g- r  1 g-r  
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The da ta  po in t s  r ep resen t  measured values of  no i se  vol tage on 
three d e t e c t o r s  f a b r i c a t e d  from similar material. 
varying i n  v -r, t h e  value o f  D& i s  not  g r e a t l y  d i f f e r e n t  from 
ment and e m p i r i c a l  theory.  
Although widely 
element t o  e f ement. Note t h e  c l o s e  correspondence between experi- 
This result has  important impl ica t ions  f o r  reduced background oper- 
a t i o n ,  s i n c e  v 
I n  fact, reduc ion  of l / f  n o i s e  with background was observed a 
number of yea r s  ago a t  Honeywell, although information was not  
a v a i l a b l e  concerning t h e  ex ten t  o f  t h e  effect nor concerning rela- 
t i o n s  t o  o t h e r  d e t e c t o r  measurements. The r e s u l t  of t h i s  observa- 
t i o n  i s  shown inFigure6 .2 ,which  i s  taken from an i n t e r n a l  Honey- 
w e l l  Radiation Center r e p o r t  w r i t t e n  by L.C. White and T. Koehler. 
S imi l a r  effects have a l s o  been observed on r e c e n t l y  prepared 
samples  which were inves t iga t ed  t o  s u b s t a n t i a t e  t h e  observat ion.  
E s s e n t i a l l y ,  r e s u l t s  were obta ined  similar t o  those shown i n  
Figures  6.1 and 6.2,  and cons is ten t .wi th  equat ions 6.1-6.3. Figure 6.3 
shows the  background dependence o f  f, f o r  high performance de- 
t e c t o r s .  
depends on background a s  shown i n  Equation 3.7. p 
~ - - -- ~ 
It should be  emphasized t h a t  c r i te r ia  1-4 f o r  reduct ion o f  l/f 
n o i s e  are determined by t h e  observed phenomenology of  l / f  noise .  
Where low frequency opera t ion  i s  contemplated, they should be 
implemented wherever poss ib le .  
n o i s e  must come from reduct ion  o f  K1 by m a t e r i a l  and processing 
technology development. 
Fur ther  reduct ion of  low frequency 
I f  we maintain t h e  n o n l i n e a r i t y  viewpoint of Te i t le r  and Osborne, 
t h e  observed g-r  no i se  - l / f  no i se  c o r r e l a t i o n  leads t o  an i n t e r -  
e s t i n g  viewpoint since one i s  thereby l e d  d i r e c t l y  t o  t h e  consid- 
e r a t i o n  t h a t  l / f  no i se  o r i g i n a t e s  i n  n o n l i n e a r i t i e s  i n  the  g- r  
process .  Now t h e  genera t ion  mechanism can be el iminated a s  a 
source o f  n o n l i n e a r i t y  s i n c e  l / f  no i se  i s  found both f o r  thermal 
and o p t i c a l  generat ion.  Therefore,  we are l e d  t o  t h e  working 
hypothesis  t h a t  l / f  no i se  o r i g i n a t e s  i n  n o n l i n e a r i t i e s  i n  the  re- 
combination process.  These n o n l i n e a r i t i e s  can be manifested i n  
con tac t ,  volume, o r  su r f ace  i r r e g u l a r i t i e s  - t o  t h e  ex ten t  t h a t  
they inf luence  t h e  recombination of  carr iers .  Therefore,  reduc- 
t i o n  of l / f  no i se  i n  (Hg,Cd)Te r equ i r e s  concent ra t ion  on minority 
' carrier recombination. In  t h i s  contex t ,  i t  a p p e a r s  des i r ab le  t o  
develop processes  t o  increase  t h e  uniformity of  cu r ren t  flow by 
c o n t r o l  o f  dep le t ion  and inve r s ion  l a y e r s ,  s ince  carr ier  recombin- 
a t i o n  i s  s t rong ly  a f f e c t e d  by these  phenomena. 
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SECTkON 7 
SPECIAL EXP~RIMENTAL TECHNI~UES - SURFACES AND VOLUMES 
I 
n o rde r  t o  evaluate t h e  inf luencv of f ab r i ca t  ion procedures,  i t  4 as necessary t o  develop s p e c i a l  bxperimental techniques.  
Detector processing usua l ly  begins  by c u t t i n g  ingo t s  of  t h e  mater- 
i a l  i n t o  s l a b s .  
ber o f  procedures including:  th ickness  reduct ion ,  mounting of  the  
thinned material, de l inea t ion  of elements, and provis ion of  con- 
tacts. Thus t h e  usua l  de t ec to r  process r equ i r e s  t h a t  t h e  (Hg,Cd)Te 
b e  bonded t o  an i n e r t  s u b s t r a t e ,  and then b e  pol i shed  and etched 
down t o  a thickness  of  about 10-30 microns. The material then 
becomes too t h i n  and d e l i c a t e  f o r  f u r t h e r  handling and the re fo re  
must remain bonded t o  t h e  subs t r a t e .  Approximately h a l f  of  t he  
sur face  area ( t h e  bonded area)  becomes inaccess ib l e  t o  treatment.  
Moreover, t h e  bonding agent cannot withstand t h e  treatment temper- 
a t u r e s  contemplated f o r  some o f  t h e  experiments. Therefore,  a 
method f o r  eva lua t ion  of  t h e  effect of  su r face  prepara t ion  proce- 
dures was r equ i r ed  with t h e  following special  p rope r t i e s :  (1) 
i s o l a t i o n  of su r face  from volume effects; (2 )  e l imina t ion  of back 
su r face  e f f e c t s ;  (3 )  non-destruct ive eva lua t ion  of t h e  s l ab .  I n  
sum, i t  was requi red  t o  eva lua te  de t ec to r  no i se  behavior without 
a c t u a l l y  f a b r i c a t i n g  de tec to r s .  
Detectors  are then made from t h e  s l a b s  by a num- 
For  t h i s  purpose, we developed arrangements which would allow one 
t o  work with special evaporat ion p a t t e r n s  on top of  th ick  s l a b s ,  o r  
bulk material, so t h a t  permanent bonding i s  n o t  requi red ,  and only the 
top  su r face  i s  operant. Two types of s p e c i a l  e l e c t r o d e  conf igura t ions  
were developed. 
are i n  c l o s e  proximity on t h e  top sur face .  
l e l  plates are proper ly  obta ined  and analyzed, they p e r m i t  t he  
determinat ion o f  surface effects on l / f  no ise .  
u r a t i o n  c o n s i s t s  o f  i s o l a t e d  c i r c u l a r  do ts  of  varying diameter 
evaporated on t h e  top sur face .  
mination o f  t h e  volume con t r ibu t ion  t o  l / f  no i se ,  as w e l l  a s  i n -  
dependent measurement of  material r e s i s t i v i t y .  
- 
For one type ( " p a r a l l e l  p l a t e s " ) ,  both con tac t s  
When da ta  from para l -  
The second config- 
Data from do t s  pe rmi t s  t h e  de te r -  
Both p a t t e r n s  place special requirements on measurement technique 
because they inhe ren t ly  have considerably lower r e s i s t a n c e  than 
d e t e c t o r s ,  and t h e r e f o r e  genera te  less noise .  This l i m i t a t i o n  was 
overcome by providing methods f o r  measurements a t  lower frequen- 
cies i n  o rde r  t o  enhance t h e  l / f  component o f  t h e  noise .  
d i t i o n ,  b i a s  l e v e l s  can be  r a i s e d  somewhat.) 
( I n  ad- 
7-91. 
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This s t r u c t u r e  i s  i n  t h e  form of  paral le l  plates which are c lose ly  
spaced so t h a t  an  apprec iab le  response i s  obta ined  from regions of  
t h e  o r d e r  o f  t he  th ickness  of  t h e  o p t i c a l  absorp t ion  o r  d i f f u s i o n  
length .  Electrode m a t e r i a l  no t  requi red  f o r  bonding and conduction 
i s  removed. The form o f  t h i s  s t r u c t u r e  i s  sketched below. 
The r e s u l t a n t  effect o f  top s l a b  e l ec t rodes  can be  approximated by 
t h e  configurat ion:  
Diffusion Lengt 
With t h e  equiva len t  c i r c u i t ,  
1 Detectort' 
U - V o l u m e  Shunt 
The r e l a t i v e  magnitude of  t h e  volume shunt can b e  est imated from 
the  following c a l c u l a t i o n s  which were used t o  evolve and analyze 
t h e  para l le l  p l a t e  s t r u c t u r e .  The "surface" conductance i s  given 
by 
cs = awts/a (7 * 1) 
where u i s  t h e  bulk conduct iv i ty ,  and ts i s  the  e f f e c t i v e  thick-  
ness  o f  t h e  su r face  layer. 
was roughly est imated by using approximate e l ec t rode  geometri.es 
f o r  c losed  form s o l u t i o n s  from e l e c t r o s t a t i c  theory: 
The conductance through the  volume 
+ 2 (7.2) 1 - 1 a  cosh (; + 1) 2An (L /b )  
c = o w  
V 
The f i r s t  term o r i g i n a t e s  from the  volume conductance of  t h e  par- 
a l l e l  e l e c t r o d e s ,  t h e  second from t h a t  of  t h e  c i r c u l a r  con tac t s ,  
and t h e  t h i r d  from t h a t  of  t h e  connecting l eads .  
a c t u a l  dimensions i n  t h e  formula, w e  ob ta in  
Placing the  
uw ( .77  + 1 + .59) si 2.4 W c r  ( 7 . 3 )  1, 
7-2 
Thus t h e  surface-to-volume r a t i o  i s  
1 t  cs/cv - 2.4 7 %v ( 7 . 4 )  
r of But t h e  surface-to-volume conductance r a 9 o  o f  a d e t e c t  
th ickness ,  t ,  i s  given by 
Thus, t h e  r e l a t i v e  surface-to-volume r a t i o s  f o r  t h e  two configura- 
t i o n s  are given by 
C 
(7 6 )  psv 1 t  
psv 
- = - -  
d 2.4 4 
For the  purpose of  reducing t h i s  r a t i o ,  4 i s  made small ( a  =.001" 
fil 1.25t  - - o t h e r  e l e c t r o d e  designs were f o r  A=.0018"). Thus 
C 
%v 1 
psv 
--  O.M.  - d 3 
The a c t u a l  value,  determined experimental ly ,  was found t o  be c l o s e  
t o  t h i s  r a t i o .  Hence, t he  a n a l y s i s  p red ic t ed ,  and t h e  exper i -  
ments v e r i f i e d ,  t h e  f e a s i b i l i t y  o f  this  technique. 
7.2 DOT CONFIGURATION 
I n  a d d i t i o n  t o  t h e  parallel  plate conf igura t ion ,  a second type of 
element w a s  a l s o  included i n  t h e  mask d e s i p .  The parallel  plate 
conf igura t ion  w a s  designed e s s e n t i a l l y  t o  monitor t h e  top su r face  
w i t h  r duced inf luence  from the volume. It i s  a l s o  u s e f u l  and 
t h e  surface.  For t h i s  purpose, we u t i l i z e d  t h e  "dot configurat ion",  
which t akes  the  form of evaporated circles,  of d i f f e r r i n g  diameters,  
on t h e  surface.  
dea i r a  % le t o  determine volume effects with reduced inf luence  from 
7-3 . _  
The d o t s  re la te  d i r e c t l y  t o  t h e  "spreading r e s i s t ance"  technique, 
which can be used t o  measure volume r e s i s t i v i t y .  The r e s i s t ance  
t o  t h e  do t ,  Rs, i s  given by 
Rs = p/2D (7.7) 
where p i s  t h e  volume r e s i s t i v i t y  and D t h e  diameter o f  t h e  con- 
t ac t .  Measurements t o  these  d o t s  (of diameters 0.002 inch,  0.005 
inch,  and 0.008 inch)  are u s e f u l  f o r  several purposes: (1) con- 
t a c t  anomalies can be demonstrated - i f  con tac t s  are good then R, 
v a r i e s  as  only ,  ( 2 )  volume r e s i s t i v i t y  can be measured; there-  
fore ,  the whole process  can be checked ou t  by comparison w i t h  inde- 
pendently obta ined  values of  r e s i s t i v i t y ,  and (3 )  t h e  magnitude o f  
volume generated l / f  no i se  can be est imated s i n c e  most cu r ren t  
flow t o  t h e  dots  o r i g i n a t e s  i n  t h e  volume. 
_- - 
y- 
. .. I . .- 
SECTION 8 
MEASUREMENT METHODS 
8.1 SPECIAL REQUIREMENTS 
The s l a b  i s o l a t i o n  technique r e q u i r e s  measurements on low resis- 
tances  a t  low frequencies  (below 100 Hz); t h e r e f o r e  s p e c i a l  prob- 
l e m s  arise.  
Analysis of initial experimental results indicated the existence 
of  experimental  d i f f i c u l t i e s  with t h e  usua l  equipment. 
c h a r a c t e r i s t i c s  were observed increas ing  more sharply than l / f  a t  
f requencies  below 100 Hz. 
were anomalous. Moreover, considerable  v a r i a t i o n  i n  no i se  magni- 
tude was observed from element t o  element. Therefore a complete 
redesign was performed on a l l  experimental techniques,  taking ac- 
count o f  t h e  many unique problems t h a t  can a p p e a r  when measuring 
no i se  vol tages  below 100 Hz. 
Noise 
It was es t ab l i shed  t h a t  t h e  r e s u l t s  
Three requirements are involved: (1) t h e  d e t e c t o r  must be dc 
b i a sed ,  (2)  ampl i f i ca t ion  o f  t h e  no i se  vol tage i s  necessary,  and 
(3) accu ra t e  measurements are needed o f  t h e  amplif ied noise .  
8 . 2  DETECTOR BIAS 
A special  b i a s  supply was designed and constructed.  
sources o f  undesired low frequency noise  occured i n  t h e  cu r ren t  
de l ive ry  mechanism. They were e i t h e r  reduced o r  e l iminated.  They 
A number of  
i n c  lude : 
a .  
b .  
C .  
d. 
R e s i s t o r s  d i s s i p a t i n g  more than 25% of  t h e i r  power 
r a t i n g  should n o t  b e  used. 
Noisy bat ter ies  - W e t  ce l ls  and mercury c e l l s  were 
no t  s a t i s f a c t o r y .  
below 100 Hz. A reasonably s a t i s f a c t o r y  source was 
found t o  b e  two Burgess Type 5308 b a t t e r i e s  i n  par- 
a l l e l .  
Poor connections of  a l l  types - C l i p  l eads  cannot 
b e  used; wires are now soldered t o  ex te rna l  p ins .  
Every connector must b e  inspected and chosen f o r  
s o l i d ,  s t a b l e  low r e s i s t a n c e  con tac t s .  
Thermal emf's must b e  reduced. Although they are 
n o t  current-dependent,  they can add t o  sys tem noise .  
Many dry ce l l s  a l s o  were noisy 
-. -- -.- ___y 
e.  Low frequency f l u c t u a t i o n s  i n  ambient l i g h t  can add 
a spurious noise  source.  
8 . 3  AMPLIFIER 
The s tandard  a m p l i f i e r ,  although providing v a l i d  r e s u l t s ,  was not 
completely s a t i s f a c t o r y  i n  t h a t  t h e  ga in  was too low and was a l s o  
dependent on t h e  d e t e c t o r  r e s i s t a n c e .  
but was s t i l l  inconvenient.)  Therefore,  a new a m p l i f i e r  with 
h igher  and uniform ga in  was designed and cons t ruc ted  by modifying 
a standard Honeywell preamplifier module for low frequency opera- 
t i o n  and adding a s tandard ac coupled op-amp as a pos t  a m p l i f i e r .  
(This was c a l i b r a t e d  f o r ,  
8.4 MEASURING APPARATUS 
It was e s t a b l i s h e d  t h a t  t h e  Quan-tech type 304 TDL wave analyzer ,  
which has been used t o  da t e ,  i s  a very s a t i s f a c t o r y  measuring i n -  
strument f o r  t hese  app l i ca t ions .  Its usefu lness  was improved by 
reading out  t h e  n o i s e  s i g n a l  on an x-y recorder .  
sweep f e a t u r e  o f  t h e  Quan-tech analyzer  permit ted d i r e c t  readout 
of no i se  vol tage vs frequency. 
er f l u c t u a t i o n s  and proper analyzer  t i m e  constant  (10 seconds f o r  
1 Hz bw) provides accu ra t e  s t a t i s t i c a l  r e s u l t s .  
The frequency 
The combination of v i s i b l e  record- 
... - . .  
LOW FREQUENFY ANOMALIES 
; 
t i s  u s e f u l  t o  r e p o r t  t h e  r e s u l t s  of  l o w  frequency measurements 
h a t  were proved t o  be anomalous, 1 since d a t a  of t h i s  type can be 
i s i n t e r p r e t e d  as andindtbst ioi i  oh d e t e c t o r  performance. It w a s  
ound that  most experimental  anom l ies  would introduce apparent  
arge low frequency vo l t ages  i n c r  i as ing  more r a p i d l y  than - the  f irst  
power of  inverse  frequency. I 
CONTACT EFFECTS - l / f  NOISE FROM CONTACTS 
I 
9.1 
I n i t i a l  resul ts  on top su r face  no i se  were errat ic  and unsa t i s f ac  
tory :  
a .  Both dot and p a r a l l e l  p la te  r e s i s t a n c e s  were general-  
l y  higher  than would b e  expected from known values of  
r e s i s t i v i t y  . 
b .  The dot r e s i s t a n c e s  d id  not  vary inve r se ly  with dot 
diameter,  a s  r equ i r ed  by spreading r e s i s t a n c e  theory.  
c. Measured l / f  no i se  was much l a r g e r  than should have 
been observed, e s p e c i a l l y  on t h e  dots ,  which should 
respond mainly t o  volume p rope r t i e s .  
many elements . 
d. Both r e s i s t a n c e  and noise  values were errat ic  on 
St ra ight forward  experiment and a n a l y s i s  allowed u s  t o  e s t a b l i s h  
t h a t  t h e  problem o r i g i n a t e d  i n  t h e  thermocompression bonds used t o  
make contac t  t o  t h e  elements. It i s  genera l ly  recognized t h a t  t h e  
thermocompression bond, requi red  f o r  mechanical s t r eng th  i n  de t ec t -  
o r  f a b r i c a t i o n ,  does indeed cause considerable  ma te r i a l  damage, 
and t h a t  t hese  bonds must be i s o l a t e d  from the  a c t i v e  de t ec to r  
area, o r  poor performance and high l / f  no i se  w i l l  r e s u l t .  
had no t  a n t i c i p a t e d ,  however, was t h e  extend and depth of damage. 
It had been hoped t h a t  proper i s o l a t i o n  and t h e  use of l a r g e  indium 
dots  and pads on both types of  elements would e l imina te  contac t  
damage problems. But t h e s e  precaut ions  proved t o  be i n s u f f i c i e n t .  
What we 
For t h e  next  set  of  experiments, t h e  f i r s t  set  of  contac ts  were 
etched away, t h e  s l a b s  f a b r i c a t e d  as before ,  and e x t r a  th ick  i n -  
dium elements were evaporated. Contacts t o  t h e  elements were made 
_--I 
.~ - 
. . ..*. .. . . I ..... -I._... . 
.."..I. .. 
i :  
_ _  . I - I "- ---I--- * -- .... _I..." .... --.-- . . . .  i by minimal l i g h t  mechanical pressure  from bonding wire t o  indium 
pad. 
s t a b l e .  D o t  and para l le l  p la te  r e s i s t a n c e s  were genera l ly  of the 
pred ic t ed  magnitude, and over much o f  t he  experimental s l ab  a rea ,  
dot r e s i s t a n c e s  d i d  indeed vary inve r se ly  with dot diameter. 
The da ta  from these  elements was much more reasonable  and 
~- _ _ .  -- ~~ 
OTHER SPURIOUS EFFECTS I i 
e no i se  c h a r a c t e r i s t i c s  generatled by spur ious  sources ,usin 
n o n , p p t f m i % e d ~ p e r i n t a ~  equipme t, d u  -e obtained on f 
1 
types of samples, all in the  rea Qll(lpB of 3 t o  4 ohms: I 
a .  a 3-ohm carbon r e s i s t o r ,  for comparison purposes and 
b .  a l a r g e  th ick  3.5-ohm b a r  o f  (Hg,Cd)Te, o f  dimensions 
C .  dot conf igura t ions  on t h e  (Hg,Cd)Te s l a b ;  
d. paral le l  p l a t e  elements on t h e  (Hg,Cd)Te s l ab .  
checkout o f  t h e  technique; 
R = 0.80 c m ,  w = 0.215 c m ,  t = 0.15 cm; 
Measurements below 100 Hz were made us ing  a 1 H z  bandwidth on the  
Quan-tech 304TDL wave analyzer .  
Hz was used. 
Above 100 Hz, a bandwidth of 10 
Figure 9.1 shows t h e  frequency response of  t h e  n o i s e  vo l t age  measured 
on t h r e e  of  t h e  p a r a l l e l  p l a t e  elements. Figure 9.2 shows t h e  spec- 
tra measured on a 0.005-inch d o t  and on t h e  t h i c k  bar. No mea- 
su rab le  l / f  no i se  a t  t h e  b i a s  l e v e l s  i nves t iga t ed  w a s  found on t h e  
3-ohm r e s i s t o r .  A l l  data are shown f o r  a b i a s  of 20 mA. Measurements 
w e r e  a l s o  taken a t  10 mA, and a t  0 mA ( t o  determine a m p l i f i e r  no ise) .  
The no i se  vo l t age  increased approximately l i n e a r l y  w i t h  c u r r e n t ,  as 
expected. The a m p l i f i e r  no i se  was removed from t h e  d a t a  by f ind ing  
t h e  rms value of t h e  d i f f e r e n c e  between t h e  square of  t h e  measured 
no i se  and t h e  square o f  t he  aznplifier (6 b i a s )  noise .  
The r i s i n g  low frequency noise  cheracterirtics and t h e  v a r i a b i l i t y  
of r e s u l t s  are anomalous. These e f f e c t s  w e r e  e l imina ted  by proper 
redesign of  t h e  experimental  apparatus ,  discussed above. 
I 
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SECTION 10 
NOISE FROM DOTS--ORIGIN OF l / f  NOISE 
10.1 EXPERIMENTAL 
10.1.1 Background Generated Noise 
Noise frequency spectra w e r e  measured on d o t s  of va r ious  s i z e s  on 
seve ra l  s l a b s  under condi t ions f o r  which t h e  g r  no ise  w a s  known 
t o  be dominated by background i l luminat ion.  Typical r e s u l t s  are shown 
i n  Figure 10.1 f o r  d o t s  of two d i f f e r e n t  diameters (3  m i l  and 5 mi l ) .  
The following f e a t u r e s  of t h i s  d a t a  should be noted: 
a. 
b. 
C. 
d. 
Considerable l /f no i se  i s  observed f o r  t h e  dot  
configurat ion.  
A n e a r l y  l i n e a r  inverse  frequency dependence 
(of power) i s  observed. Thus t h e  no i se  i s  
t r u l y  " l / f .  I '  
The noise  vol tage  v a r i e s  approximately as t h e  
1.5 power of  t h e  dot  diameter. T h i s  r e s u l t  h a s  
been obtained on many do t s  of var ious diameters 
on seve ra l  slabs.  Power dependences were a lways  
found t o  be much less than 2 ,  and t o  vary from 
-1.2 t o  1.6 as i s  shown f o r  some t y p i c a l  r e s u l t s  
i n  Figure 10.2. 
It w a s  important t o  determine if observed noise  
from do t s  would a l s o  e x h i b i t  t h e  background 
dependence found on d e t e c t o r s  (See Figure 6 . 3  
and Sec t ion  6) .  
To  i nves t iga t e  t h i s ,  a s l a b  w a s  mounted i n  a 
s p e c i a l  t es t  chamber which e rmi t t ed  reduct ion  
down t o  '-8 x photons/cm2-s. A l a r g e  re- 
duct ion i n  low frequency no i se  w a s  indeed 
observed under these cond i t ions ,  w i t h  t h e  re- 
maining noise j u s t  bare ly  measurable above 
ampl i f i e r  noise. 
of background from -8 x 101 P photons/cm2-s 
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10.1.2 Thermally Generated Noise 
According t o  t h e  a n a l y s i s  below, t h e  dependence of  no ise  on dot  
diameter provides important information concerning l / f  n o i s e  
mechanisms. Figure 10.2 shows t h e  experimental  r e s u l t s  f o r  l / f  
n o i s e  measured f o r  t h r e e  d i f f e r e n t  dot  diameters on an(HgCd)Te 
s l a b  which w a s  r a i s e d  t o  a temperature of 90"K, where g r  no i se  
is  known t o  be dominated by thermal processes.  
10.2 DIMENSIONAL ANALYSIS 
Resul t s  from do t s  are r e l a t e d  t o  b a s i c  no i se  mechanisms. 
f i c a l l y ,  i t  can be determined whether  o r  not  l / f  no i se  o r i g i n a t e s  
a t  s t a t i s t i c a l l y  independent sources  d i s t r i b u t e d  uniformly 
throughout t h e  volume, as i s  w e l l  known f o r  o t h e r  no i se s ,  such 
as g-r  noise.  
Speci- 
In  t h i s ,  "classical theory" approach, no i se  is due t o  conduc t iv i ty  
modulation i n  t h e  volume. 
l ead  t o  t h e  appearance of ex te rna l  no i se  vo l t ages  when a dc c u r r e n t  
i s  appl ied.  
Thus local f l u c t u a t i o n s  i n  conduct iv i ty  
The purpose of t h i s  ana lys i s  i s  t o  determine t h e  expected dependence 
of  n o i s e  on dot  diameter f o r  a conduc t iv i ty  modulation mechanism. 
We begin by using r e s u l t s  derived by Van d e r  Zie15 f o r  the  no i se  
vo l t age  from a r ec t angu la r  b a r  of  length L and area A, w i t h  
res is t i v i t  y P : 
(10.1) 
W e  wish t o  cons ider  t h r e e  s i t u a t i o n s :  
a. 
b. 
e. 
The l / f  noise o r i g i n a t e s  throughout t h e  volume. 
It originates i n  a reg ion  j u s t  under t h e  contact .  
It origLnrte8 fram a region  about t h e  periphery 
of t h e  dot  (probably from d i f f u s i n g  minor i ty  
carriers generated there .  ) 
Case 1 r e p r e s e n t s  n o i s e  generated from the  i d e n t i c a l  volume reg ion  
r e s p o n s i b l e  f o r  t h e  spreading r e s i s t ance .  For t h i s  condi t ion ,  t o  
a f i rs t  approximation, t he  e f f e c t i v e  length i s  p ropor t iona l  t o  t h e  
d iameter ,  D. Therefore,  vn 1 - ~ 1 / 2 / ~ 3  = ~ - 5 / 2 .  
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I n  Case 2 ,  t he  length w i l l  be determined by some p h y s i c a l l y  con- 
s t a n t  dimension, LD (poss ib ly  some type of d i f f u s i o n  length) .  
Then vn ry L D 1 / 2 / D 3  - D'3. 
Case 3 i s  most r e a d i l y  determined by beginning w i t h  t h e  fundamental 
e q u a t i o n 2  (which also g ive  the  same r e s u l t s  f o r  cases 1 and 2) .  
(10,2) 
6(AV) i s  t h e  no i se  vol tage caused by a f l u c t u a t i o n  i n  t h e  carriers 
( t o t a l  carr iers  i n  volume ) = 6(&),  with Vo t h e  app l i ed  vol tage 
and No t h e  t o t a l  c a r r i e r s  p a r t i c i p a t i n g .  The model f o r  t h i s  case 
i s  t h a t  t h e  operant  no i se  o r i g i n a t e s  from c a r r i e r ?  surrounding t h e  
do over a d i f fus ion  dis tance LD. Thus AN WDLD , and 6(AN) - 
t h e  cu r ren t  flow throughout the volume. 
D 172  ; whereas No includes a l l  operant  carriers p a r t i c i p a t i n g  i n  
Then 6(AV) - (Vo/No)D 1/ 2 = ( I o % / N o ) D  = D1/*. Thus, t h e  
n o i s e  - D' 7 / 2 .  I n  sum: RI, ~3 (10.3) 
1. volume Vn N D- 5 / 2  
2 .  volume near dot Vn - D' 3 (10.4) 
3 .  surrounding dot vn N D - 7 1 2  
No is t h e  carrier concentrat ion (No 2 No D3). 
10.3 SIGNIFICANCE OF RESULTS - O R I G I N  OF l / f  NOISE 
According t o  t h e  results on de tec tors  presented i n  Sec t ion  6 ,  and 
similar experimental  r e s u l t s  on dots  a n d p a r a l l e l  plates,  l/f no i se  
i s  r e l a t e d  d i r e c t l y  t o  g r  noise. 
For  t h e  experiment descr ibed i n  10.1.2, t he  temperature i s  high 
enough t h a t  thermal generat ion predominates, and t h e r e f o r e  g r  n o i s e  
i s  d i s t r i b u t e d  uniformly i n  t h e  volume. 
curve i n  F igure  10.2 with t h e  dimensional a~alyses shcws t ha t ,  
Comparison of  t h e  upper 
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under t h e s e  condi t ions ,  l/f noise a l s o  is  d i s t r i b u t e d  randomly and 
uniformly throughout t h e  volume. 
However, when t h e  g r  n o i s e  i s  determined by background r a d i a t i o n ,  
a t  78°K where thermal generat ion i s  n e g l i g i b l e ,  t h e  dependence of 
l / f  no ise  on dot  diameter i s  much weaker than predic ted  by con- 
d u c t i v i t y  modulation. Now i t  i s  c e r t a i n  t h a t  background de te r -  
mined g r  no ise  o r i g i n a t e s  f rom a d i s t ance  of  less than 40 micrometers 
from t h e  su r face  (and periphery of  the d o t ) ,  s i n c e  t h i s  i s  t h e  
minority (carrier diffusion dis tance  (the o p t i c a l  absorp t ion  depth 
is less thari 10 m k r o m e t s r s ) ,  
Nevertheless,  as t h e  dot  diameter i nc reases ,  t h e  l / f  no i se  has  a 
much l a r g e r  magnitude than simple dimensional i ty  w i l l  permit. 
Thus, t he  genera t ing  o r i g i n  o f  l / f  n o i s e  i s  s m a l l  and l o c a l i z e d ,  
and ye t  appears t o  inf luence  a much l a r g e r  volume of t h e  material. 
This r e s u l t  s t rong ly  supports t h  
suggested by Teit ler and Osborne (12, 
dynamic analogy. 
i n  energy i n  recombination near the  s u r f a c e  l eads  t o  f l u c t u a t i o n s  
i n  t h e  macroscopic c u r r e n t  flow, analagous t o  tu rbu len t  mechanisms 
i n  f l u i d  flow. 
m a  roscopic  poin t  of view, as 
and Handell4 i n  t h e  hydro? 
From t h i s  point of view t h e  non-linear d i s s i p a t i o n  
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SECTION 11 
INITIAL APPLICATION OF TECHNIQUE 
11.1 GENERAL APPROACH 
The above model has  considerable  s i g n i f i c a n c e  f o r  c o n t r o l  of l / f  
no i se  i n  devices  such as (Hg,Cd)Te de tec to r s .  It suggests  t h a t ,  
as i n i t i a l l y  discussed i n  Section 5 , in  order  t o  reduce l / f  no ise  
one should first determine t h e  o r i g i n  of t he  c o n t r o l l i n g  nonl inear-  
i t y  mechanism which i n i t i a t e s  macroscopic c u r r e n t  f l u c t u a t i o n s ,  
then  concent ra te  e i t h e r  on reducing t h e  n o n l i n e a r i t y  o r  t h e  mechanism 
i tself  . 
b ina t ion  mechanisms near  t h e  su r face  as t h e  i n i t i a t o r  i n  (Hg,Cd)Te 
d e t e c t o r s  . 
Our observa t ions  have pinpointed minori ty  carrier recom- 
Methods f o r  c o n t r o l  of l / f  noise due t o  t h i s  phenomnon can’be 
developed i n  a number of  ways. 
carrier recombination near  t h e  surface is determined by two inde- 
pendent parameters: 
due torecombination c e n t e r s  e x i s t i n g  near  o r  a t  t h e  surface.  
(2) The a r r i v a l  rate of minori ty  carriers i n  t h i s  region. 
t i o n  c e n t e r s  on t h e  su r face  can be c o n t r o l l e d  by f a b r i c a t i o n  and 
processing procedures. 
determined by su r face  space charge regions (as discussed i n  Sec- 
t i o n  5, they are r e l a t e d  to deple t ion ,  invers ion ,  and accumulation 
r eg ions ,  with t h e  la t ter  p re fe r r ed )  . 
One begins by not ing  t h a t  minor i ty  
(1) The recombination probabi l i ty-usual ly  
Recombina- 
Minority carrier motion can be s t rong ly  
11.2 DIFLECTIQNS PBa)li PABALLEL PLATE RESULTS 
Pigura 11.1 rhawr the f r a q u n c y  6pectrun of t h e  noise obtained from 
parallel p l a t e s  on two slabs. The r e s u l t s  shown i n  t h i s  f i g u r e  are 
t y p i c a l  of t h e  d a t a  obta ined  on many elements of many s labs .  
i nve r se  frequency dependence i s  found t o  be l i n e a r ,  and a l l  such 
data are s t a b l e  and r e l i a b l e .  
The 
It i s  no tab le  t h a t  t h e  l / f  corner frequency i s  considerably lower 
than  u s u a l l y  observed on de tec tors .  Therefore,  one i s  immediately 
l e d  t o  i n v e s t i g a t e  d e t e c t o r  processing condi t ions  which could con- 
t r i b u t e  t o  a d d i t i o n a l  l / f  noise. The r e s u l t  o f  i n i t i a l  experiments 
of t h i s  na tu re  is  i l l u s t r a t e d  i n  Figure 11.2 which shows t h e  app l i -  
c a t i o n  of t h e  technique t o  determination of  t h e  e f f e c t  of su r face  
processing procedures on l / f  noise.  
plate spectrum f o r  su r faces  prepared by process  A. When t h e  sur- 
face condi t ion  w a s  charged t o  i n d i c a t e  d e t e c t o r  processing pro- 
cedures ,  t h e  spectrum became t h a t  of t h e  upper curve. Note t h e  
l a r g e  i n c r e m e  in l / f  n0i.e md carrier frequency. 
The upper curve i s  t h e  parallel- 
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J SECTION 1 2  
FIELD DEPENDENT EFFECTS - 
l/f NOISE AND SWEEPOUT I N  DETECTORS 
Recent developments a t  t h e  Radiation Center have ind ica t ed  t h e  
s i g n i f i c a n c e  of  high f i e l d  effects f o r  s eve ra l  modes of  de t ec to r  
opera t ion .  A s  the vol tage across a high performance de tec to r  i s  
increased ,  t h e  s i g n a l  l eve l  inc reases  l i n e a r l y  a t  f i r s t  with vo l t -  
age,  then less r ap id ly ,  and eventua l ly  s a t u r a t e s .  It is known 
t h a t  t h e  s i g n a l  s a t u r a t i o n  i s  caused by the  sweepout o f  minority 
carriers which, a t  h igher  f i e l d  levels ,  reach the  con tac t s  before  
recombining i n  t h e  a c t i v e  a rea  of  t h e  de t ec to r .  
Sweepout behavior i s  i n t e r e s t i n g  not  only f o r  t h e  a p p l i c a b i l i t y  
t o  high performance opera t ion ,  bu t  a l s o  because i t  relates d i r e c t -  
l y  t o  n o i s e  mechanisms. A t  low f i e l d s  recombination occurs i n  
t h e  d e t e c t o r  and a t  high f i e l d s  a t  t h e  con tac t s .  Thus g- r  no ise  
changes cha rac t e r  e n t i r e l y ;  i n  f a c t ,  i t  has been proposed t h a t  g- r  
no i se  no longer  exists i n  sweepout, bu t  i s  replaced by t h e  shot 
n o i s e  due t o  f l u c t u a t i o n s  i n  carriers a r r i v i n g  a t  t h e  contac ts .  
The spectral  behavi 
s idered  by Willia ’$ and t h e  theory was o r i g i n a l l y  der ived by 
H i l l  and v V l i e ? ? ’  Some r e s u l t s  have been r epor t ed  by Emmons 
of  no i se  i n  sweepout has  been r e c e n t l y  con- 
and Ashley lr . 
In  view of  our  i n t e r e s t  i n  t he  r e l a t i o n s h i p  between l / f  and g-r  
no i se ,  i t  appeared d e s i r a b l e  t o  i n i t i a t e  some i n v e s t i g a t i o n s  i n t o  
f i e l d  dependent l / f  no i se  i n  high performance de tec to r s .  
The high f i e l d  dependence of  l / f  no i se  was examined by looking a t  
s eve ra l  de t ec to r s  with fraction-of-BLIP de tec t i . v i t i e s .  A spectrum 
o f  t h e  low frequency no i se  was taken and t h e  c h a r a c t e r i s t i c  l / f  
dependence found. 
l e v e l s  i n  o rde r  t o  determine t h e  f i e l d  dependence of t h e  l / f  noise  
( a t  20 Hz t h e  no i se  i s  a l l  l / f ,  t h e  g- r  component i s  n e g l i g i b l e ) .  
The 20 H z  no i se  was taken a t  d i f f e r e n t  b i a s  
Figure 1 2 . 1  shows a t y p i c a l  field-dependence. 
havior  a t  low b i a s  l e v e l s  and t h e  marked departure  from l i n e a r i t y  
beginning around 1 mA. 
Note the  l i n e a r  be- 
A t  4 mA t h e  l / f  no i se  a c t u a l l y  begins  
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decreas inq  a s  t h e  f i e l d  i s  f u r t h e r  increased.  Figure 1 2 . 3  shows t he  
5 kHz no i se  dependence on f i e l d .  A t  t h i s  frequency t h e  l / f  no ise  
i s  n e g l i g i b l e  The f l a t t e n i n g  of  
t he  f i e l d  dependence of high frequency noise  i s  understood as an 
i n d i c a t i o n  o f  minori ty  carrier sweepout. 
dence of t h e  l/f n o i s e  (measured a t  20 Hz) may be a l s o  r e l a t e d  t o  
sweepout v i a  t h e  c o r r e l a t i o n  
and t h e  n o i s e  i s  g-r dominated. 
Thus the f i e l d  depen- 
with g- r  no ise ;  
Unfortunately t h e  hea t ing  due t o  power d i s s i p a t e d  usua l ly  pro- 
h i b i t e d  t h e  ga ther ing  o f  r e l i a b l e  da ta  a t  h igher  b i a s  levels. 
However i t  was p o s s i b l e  t o  o b t a i n  resu l t s  f o r  a high r e s i s t a n c e  
d e t e c t o r  which probably were no t  appreciably a f f e c t e d  by hea t ing .  
The no i se  da ta  f o r  t h i s  de t ec to r  are shown i n  F igure  12.4. Note 
t h a t  f o r  low f i e l d s  t h e  20 Hz no i se  i s  l i n e a r l y  dependent on t h e  
E f i e l d ,  b u t  a t  0.75 mA, t h e  t y p i c a l  s a t u r a t i o n  due t o  sweepout 
a p p e a r s .  
crease l i n e a r l y .  An obvious i n t e r p r e t a t i o n  i s  t h a t  t h e r e  a r e  two 
sources  o f  l / f  no i se ,  one o f  which r o l l s  o f f  a t  high f i e l d s  and 
t h e  o t h e r  cont inues increas ing  l i n e a r l y .  
A t  3 mA, however, t h e  no i se  begins once again t o  in -  
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